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Invisible widths of heavy mesons
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We revisit calculations of invisible widths of heavy mesons in the standard model, which serve as
benchmarks for the studies of production of light, long-lived neutral particles in heavy meson decays.
We challenge the common assumption that in the standard model these widths are dominated by
meson decays into a two-neutrino final state and prove that they are dominated by decays into four-
neutrino final states. We show that current estimates of the invisible widths of heavy mesons in the
standard model underestimate the effect by orders of magnitude. We examine currently available
experimental data on invisible widths and place constraints on the properties of dark photons. We
also comment on the invisible widths of the kaons.
PACS numbers:
Experimental studies of light, m ∼ O(0.1− 103) MeV,
weakly interacting long lived particles (WILLPs) have
received considerable attention recently, in part due to
development of new models of dark matter (DM). These
particles could help resolve several problems in physics
of dark matter, both by being DM states and/or serv-
ing as mediators between visible and dark sectors of our
Universe [1]. As such, extensive experimental programs
of searches for light WILLPs [2–5] have been put forward
at several experimental centers around the world. For re-
cent constraints on candidates for the light particles such
as axion-like states or dark photons see [6, 7].
If these WILLP states exist, they could also be pro-
duced in the decays of mesons, such as B, D, or even
K. One of the tantalizing experimental signatures of
such transitions includes “invisible” decays of heavy me-
son states [8], as light WILLPs do not interact with the
detectors. Currently operating experiments Belle II and
BESIII at e+e− machines in Japan and China, as well
as experiments at future flavor factories, are the ideal
places for experimental studies of such decays. This
is because flavor factories operate at the Υ(4S) (bb¯) or
ψ(3770) (cc¯) resonances that decay into a correlated state
of B0d(D
0) meson pairs. Thus, “invisible” B0d(D
0) decays
into WILLPs can be tagged with non-leptonic decays of
B¯0d(D¯
0) decays “on the other side.”
Current experimental constraints on those decays come
from the analyses done at BaBar and Belle collabora-
tions (for B0) and by Belle collaboration (for D0). No
signals have been observed so far, so upper limits on the
branching fractions of heavy mesons decaying to invisi-
ble final states B(B0d → /E) < 1.3 × 10−4 (Belle) [9] and
B(B0d → /E) < 2.4× 10−5 (BaBar) [10] for the b-flavored
mesons and B(D0 → /E) < 9.4 × 10−5 (Belle) [11] for
charmed mesons have been set at 90% confidence level.
If measurements of invisible width of a heavy meson
are to be used in placing constraints on new physics
models [8], standard model (SM) backgrounds to those
modes need to be estimated. While different experiments
have different experiment-specific backgrounds for such
processes related to “missing” particles in their detectors
[9–11] that can be controlled with various experimental
methods, the irreducible SM backgrounds to invisible me-
son decays have not received complete attention in the
theoretical literature.
The only irreducible SM background that has the same
experimental signature is heavy meson decays into the
final states containing only neutrinos. Transitions of a
B0q (D
0) meson into such final states are described by an
effective Lagrangian,
Leff = −4GF√
2
α
2π sin2 θW
×
∑
l=e,µ,τ
∑
k
λkX
l(xk)
(
JµQq
) (
νlLγµν
l
L
)
, (1)
where JµQq = qLγ
µbL for beauty, and J
µ
Qq = uLγ
µcL for
charm transitions, and we consider Dirac neutrinos. The
functions λkX
l(xk) are combinations of the Cabbibo-
Kobayashi-Maskawa (CKM) factors and Inami-Lim func-
tions. These functions are dominated by the top-quark
contribution for b→ q transitions, so∑
k
λkX
l(xk) = V
∗
tqVtbX(xt), (2)
where xt = m
2
t/M
2
W and
X(xt) =
xt
8
[
xt + 2
xt − 1 +
3(xt − 2)
(xt − 1)2 lnxt
]
(3)
Perturbative QCD corrections [13] would numerically
change Eq. (3) by at most 10%, so therefore will be ne-
glected. For charm c→ u transitions we keep the contri-
butions from both internal b and s-quarks,∑
k
λkX
l(xk) = V
∗
csVusX
l(xs) + V
∗
cbVubX
l(xb), (4)
2where X l(xq) = D(xq, yl)/2 with yl = m
2
l /m
2
W are re-
lated to the Inami-Lim functions [14],
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1
8
xqyl
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ln yl
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xq
8
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xq
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)2
+ 1 +
3
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]
lnxq
+
xq
4
− 3
8
(
1 + 3
1
yl − 1
)
xq
xq − 1 (5)
Given this, one can easily estimate branching ratios for
Bq(D) → νν decays. One can immediately notice that
the left-handed structure of the Lagrangian results in he-
licity suppression of these decays due to the fact that
initial state is a spin-0 meson. The branching ratio is
B(Bq → νν) =
G2Fα
2f2BqM
3
Bq
16π3 sin4 θWΓBq
|VtbV ∗tq |2X(xt)2x2ν , (6)
where xν = mν/MBq and ΓBq = 1/τBq is the total width
of the Bq meson. We also summed over all possible neu-
trino states, i.e. νν¯ =
∑3
i=1 νiν¯i.
As can be seen from Eq. (6), the branching ratio is
exactly zero in the minimal standard model with massless
neutrinos! The factor xν ≪ 1 is small for any neutral
meson state. Assuming for neutrino masses that mν ∼∑
imνi < 0.62 eV [15], where mνi is the mass of one
of the neutrinos, Eq. (6) yields the branching ratios of
Bth(B0s → νν¯) = 3.07 × 10−24, Bth(B0d → νν¯) = 1.24 ×
10−25, and Bth(D0 → νν¯) = 1.1 × 10−30 for Bs, Bd,
and D0 states, respectively. This led many authors to
conclude that “invisible” decays of heavy meson states
are, in fact, background-free modes for searches for new
light WILLPs.
Here we shall point out that the νν¯ final state does
not constitute a good representation of invisible width
of B0q (D
0) mesons in the standard model. In supporting
our claim we shall concentrate on the Bq meson decays,
presenting the corresponding results for the D and K
states at the end of this letter. Indeed, in the SM the
final state that is not detectable in a flavor factory setup
contains an arbitrary number of neutrino pairs,
B (Bq → /E) = B (Bq → νν¯) + B (Bq → νν¯νν¯) + ..., (7)
As discussed above (see Eq. (6)), decay to the νν¯ final
state is helicity-suppressed. The four-neutrino final state,
on the other hand, does not suffer from such suppression,
so it is expected to have a considerably larger branching
ratio. Naively,
B (Bq → νν¯νν¯)
B (Bq → νν¯) ∼
G2FM
4
B
16π2x2ν
≫ 1. (8)
In this letter, we calculate decays of Bq, D
0, and kaons
into a four neutrino final state. There are only two dia-
grams that contribute to the decay amplitude when the
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FIG. 1: (a) One of two diagrams for Bq → νiν¯iνkν¯k where
i, k refer to different neutrino flavors. (b) Example of an ad-
ditional diagram that appears in case of identical neutrinos
in the final state. Black dots represent flavor-changing, and
white dots represent flavor-conserving vertices.
final state has neutrinos of different flavors. Fig. 1a shows
one such diagram, while the other can be obtained by re-
placing the light-quark propagator with a b-quark prop-
agator and switching the order of vertices. We also con-
sider the case where the final state neutrinos are flavor
identical, in which case additional diagrams appear. Fig.
1b shows one such additional diagram.
The decay amplitude Aq for Bq → ν¯νν¯ν decay can be
written as
Aq = −
G2FαV
∗
tqVtbX (xt)
4π sin2 θw
∑
i,k
LµℓiL
ν
ℓk
〈0|q¯Γµνb|Bq〉 (9)
where Lℓi are the neutrino currents,
Lµℓi ≡ u¯ℓi (pi) γµ
(
1− γ5) vℓi (pi+1) . (10)
The effective vertex functions Γµν =
∑
i Γ
µν
i are given by
a combination of vertices and propagators of the light and
b quarks, i = q, b. A particular example for the diagram
Fig. 1a is given by
Γµνq = γ
ν
(
cV − cAγ5
) (/q +mq)
q2 −m2q
γµ
(
1− γ5) , (11)
where q = p3 + p4 − pq, cbV = csV = − 12 + 23 sin2 θw ≡ cV
and cbA = c
s
A = − 12 ≡ cA. The other diagrams with the
q-quark propagator have a similar structure, only differ-
ing by the definition of momentum q, which follows from
3momentum conservation. The second set of diagrams is
obtained by switching the order of flavor-conserving and
flavor-violating vertices.
We adopt a simple model for calculating the transition
matrix elements [17],
〈0| q¯Γµνb |Bs〉 =
∫ 1
0
dx Tr [ΓµνψB ] (12)
where x = pb/PB is the momentum fraction of the heavy
bottom quark in the Bq meson. Here pb (PB) represents
the momentum of the b-quark (Bq meson). The wave
function ψB for the Bq meson can be defined as
ψB =
Ic√
6
φB (x) γ
5
(
/PB +MBgB (x)
)
, (13)
where φB(x) represents the quark distribution amplitude
and Ic is an identity in color space. We will use gB ≈ 1,
which is a good approximation for a heavy meson [17].
The distribution amplitude φB contains the Bq meson
decay constant (fB) and can be expressed as
φB (x) =
fB
2
√
3
δ (1− x− ξ) , (14)
which represents the fact that most of the momentum
within the Bq meson, 1− ξ, is carried by a b-quark. Note
that ξ is a small parameter, in the case of a Bq meson
ξ ≈ 0.1, which allows for expansion of our results in power
series in ξ. In this Letter we shall calculate the leading
term in such expansion, neglecting the masses of the light
quark and the neutrinos.
The kinematic region for the four-neutrino phase space
depends on five independent variables. We follow [18]
to define two Mandelstam variables sij and three he-
licity angles as our independent variables. Defining
pij = pi + pj , qij = pi − pj for {i, j} = 1 − 4, we note
that sij = p
2
ij = −q2ij , and pij · qij = 0. The Mandel-
stam variables used in this Letter are s12 = (p1 + p2)
2
and s34 = (p3 + p4)
2
, which represent the squared in-
variant masses of pairs of neutrinos. Then, p12 · p34 =
(M2Bq −s12−s34)/2. The helicity angles are then defined
in the center-of-momentum frames for each Mandelstam
variable. There are thus two polar angles (θY , θZ) and
one azimuthal angle (θX),
p12 · q34 = λ(M2B , s12, s34) cos θZ/2 ,
p34 · q12 = λ(M2B , s12, s34) cos θY /2 ,
q12 · q34 = (M2Bq − s12 − s34) cos θY cos θZ/2 (15)
+
√
s12s34 sin θY sin θZ cos θX ,
pµ12q
ν
12p
ρ
34q
σ
34ǫµνρσ = − λ(M2Bq , s12, s34)
√
s12s34
× sin θY sin θZ sin θX/2 ,
where λ2(x, y, z) = x2 + y2 + z2 − 2xy − 2yz − 2xz. In
terms of these independent variables the four-body phase
space with massless final state particles takes the form,
dΦ =
S
16MB (4π)
6
dθXd cos θY d cos θZds34ds12 (16)
where S = 1
j!
for each group of j identical particles in
the final state. While performing the integrals over the
four-body phase space we allow the following ranges for
the helicity angles: 0 ≤ θX ≤ 2π, 0 ≤ θY,Z ≤ π, and the
Mandelstam variables: 0 ≤ s34 ≤ (MBq −
√
s12)
2, 0 ≤
s12 ≤ M2Bq . Note that, although the integrals over the
helicity angles can be performed in any order, the allowed
kinematic ranges for the Mandelstam variables were cho-
sen in such a manner that s12 is the final variable to be
integrated over. As expected, the final result for the de-
cay rate does not depend on this choice of the order of
integration, which we perform numerically.
In order to find the total decay rate we consider all
three flavors of neutrinos in the final state. There are
six different possibilities where the flavors of the two νν¯
pairs in the final state are different, i.e. all four final state
particles are distinguishable. In addition, there are three
cases where the two νν¯ pairs have the same flavor, and
hence there are two pairs of identical particles in the final
state. We evaluate the rate for each of the two possibil-
ities separately and add them together with appropriate
factors (factor of 6 for the former and 3/4 for the latter)
to obtain the total decay rate.
To leading order in the expansion in ξ we find that
Γ(Bs → νν¯νν¯) = (2.32 ± 0.38) × 10−27 GeV. Using a
Bs meson lifetime of τBs = 1.509 ps [7], this gives a
B(Bs → νν¯νν¯) = (5.48 ± 0.89) × 10−15, which is nine
orders of magnitude larger than the SM contribution
to B0q (D
0) → /E from the νν¯ final state. Similarly, we
find that Γ(Bd → νν¯νν¯) = (6.54 ± 1.19) × 10−29 GeV.
With τBd = 1.520 ps from Ref [7], therefore, we find
B(Bd → νν¯νν¯) = (1.51 ± 0.28) × 10−16. For the D0
meson decay to four neutrinos, we find that the decay
rate is (4.75± 0.63)× 10−39 GeV, and using τD0 = 410.1
fs from Ref. [7], the branching ratio for the four-body
process is B(D0 → νν¯νν¯) = (2.96 ± 0.39) × 10−27. The
quoted uncertainties stem from the numerical calcula-
tions of phase space integrals. Even though these results
are challenging to access experimentally, they are many
orders of magnitude larger than the corresponding two
body decays B0d(D
0) → νν¯ [8], which also contribute to
B0q (D
0) → /E, owing to powerful helicity suppression of
the B0q (D
0)→ νν¯ transitions.
We extend our calculations to also include decays of
neutral kaons to four neutrinos. We find that the corre-
sponding decay rates for the K0S and the K
0
L to be respec-
tively (4.13±0.57)×10−39 GeV and (3.50±0.63)×10−39
GeV. Once again using the lifetimes for the neutral kaon
initial states (τK0
S
= 0.8954 ps, and τK0
L
= 0.5116 ns [7]),
we find the branching ratios for the K0S and K
0
L decays
to be (5.62 ± 0.78) × 10−25 and (2.72 ± 0.49) × 10−22
respectively.
4b(pb)
q¯(pq)
νi(p1)
ν¯i(p2)
A(k)
q(q)
FIG. 2: One of the diagrams leading to B0q → νν¯V transition.
Black dot represents flavor-changing vertex (Eq. (1)), while
black square represents quark couplings to V ′ (Eq. (19)).
In what follows we use experimental data on invisible
widths of heavy mesons to constrain properties of dark
photons. The dark photons can be properly introduced
in the standard model phenomenology by coupling weak
isospin field Bµ to a new (dark sector) U(1) vector field
Vµ via kinetic mixing [19],
L = − 1
4
W3µνW
3µν − 1
4
BµνB
µν
+
ǫ
2
BµνV
µν − 1
4
VµνV
µν +
m2V
2
VµV
µ, (17)
where ǫ is the kinetic mixing parameter. The field
Vµ can acquire mass via a variety of ways. Af-
ter electroweak symmetry breaking weak isospin field
Bµ and the W3µ combine to form the Z-boson Zµ
and photon Aµ fields with kinetic mixing term L =
(ǫ/2) (cos θWFµν − sin θWZµν)V µν . This term can be
eliminated by field redefinition [20]
A′µ = Aµ − ǫ cos θWVµ,
V ′µ = Vµ + ǫ sin θWZµ. (18)
The rotation of Eq. (18) introduces, among other things,
a direct coupling between the new “dark photon" field V ′µ
and the SM electromagnetic current,
L = −eǫ cosθWJµemV ′µ, (19)
where Jµem = (2/3) u¯γ
µu − (1/3) d¯γµd + ... for up and
down-type quark fields.
We can now put constraints on the parameters ǫ
and mV from the experimentally constrained invisible
B0q (D
0) widths. The lowest order contribution in ǫ with
invisible particles in the final state would be given by
the decay B0q (D
0) → V ′ν¯ν. Similarly to B0q → γν¯ν de-
cay [8, 21, 22] the only contributions that have no helic-
ity suppression are the structure-dependent V ′µ emissions
given by diagrams of the type pictured in Fig. 2. We use
the method of calculating branching ratio for this tran-
sition as above; it has been applied to leptonic processes
with photon emission [8, 17]. Unfortunately, current con-
straints on invisible widths of heavy mesons do not yet
permit placing competitive constraints on ǫ. Taking the
strongest bound on B0d invisible width and taking the
massless limit of V ′ we obtain |ǫ| < 125. It is easy to
show, however, that the values of |ǫ| ∼ 3.1× 10−4 could
be probed before reaching the “B0d → 4ν" threshold.
In conclusion, we showed that because of the helicity
suppression of the two-neutrino final state, the SM contri-
butions to invisible widths of heavy mesons Γ(B0q (D
0)→
/E) are completely dominated by the four-neutrino transi-
tions B0q (D
0)→ νν¯νν¯. This implies that invisible decays
of mesons cannot be used to set constraints on neutrino
masses. Finally, we proved that invisible decays of heavy
mesons could be used to probe light DM particles [8],
but current experimental bounds are insufficient to place
meaningful constraints on the properties of dark photons.
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